Background S-1 is an oral anticancer drug, containing tegafur (a prodrug of 5-fluorouracil, 5-FU), 5-chloro-2,4-dihydroxypyridine, and potassium oxonate. As renal dysfunction is known to increase exposure of 5-FU following S-1 administration, the incidence of severe adverse reactions is increased in patients with impaired renal function. However, no reliable information on its dose modification for patients with renal dysfunction has been provided. Methods We conducted a prospective pharmacokinetic study to develop an S-1 dosage formula based on renal function. Sixteen cancer patients with various degrees of renal function received a single dose of S-1 at 40 mg/m 2 . A series of blood samples were collected at predefined times within 24 h to assess the plasma concentration profiles of 5-FU, 5-chloro-2,4-dihydroxypyridine, and tegafur. A mathematical model for the relationship between renal function and exposure of 5-FU was constructed by a population pharmacokinetic analysis. Results The clearance of 5-FU following S-1 administration was related to body surface area and creatinine clearance in the range 15.9-108.8 mL/min as estimated by the Cockcroft-Gault equation. The S-1 dosage formula was derived as follows:
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Introduction
After entering the body, a drug is eliminated by metabolism and/or excretion. Although elimination can occur via several routes, most drugs are cleared by metabolism in the liver and/or elimination through the kidney. For a drug eliminated primarily via renal excretory mechanisms, impaired renal function alters its pharmacokinetics to an extent that its dosage needs to be changed from that used in patients with normal renal function. The US Food and Drug Administration [1] and the European Medicines Agency [2] recommend that the pharmacokinetics of a new drug be assessed in patients with impaired renal function during the development phase and that rational dosing recommendations be provided. However, there is no similar guidance in Japan; thus, dose modification for patients with renal dysfunction is based on data from the USA and Europe. Since Heidelberger et al. [3] reported 5-fluorouracil (5-FU) in 1957, 5-FU has been a key drug for gastrointestinal tumors. An oral drug S-1 was first approved in Japan in 1999 and is widely used in Asia and Europe (TS-1 Ò , Taiho Pharmaceutical, Tokyo, Japan, in Asia; Teysuno Ò , Nordic Group, Hoofddrop, The Netherlands, in Europe). S-1 contains tegafur, which is a prodrug of 5-FU, 5-chloro-2,4-dihydroxypyridine (CDHP), which inhibits the rate-limiting enzyme (dihydropyrimidine dehydrogenase) of 5-FU catabolism to maintain a high concentration of 5-FU, and potassium oxonate, which is specifically distributed in the epithelium of the intestine and inhibits the phosphorylation of 5-FU to reduce gastrointestinal toxicity [4] [5] [6] (Fig. 1) . The approved dosage and administration of S-1 are 80 mg/ m 2 /day as tegafur for 4 weeks followed by 2 weeks of rest in Asia [7, 8] , and 50 mg/m 2 /day as tegafur for 3 weeks followed by 1 week of rest in combination with cisplatin at 75 mg/m 2 once every 4 weeks in Europe [9] . S-1 is a standard adjuvant treatment for East Asian patients who have undergone a D2 dissection for locally advanced gastric cancer [10] and it is noninferior to 5-FU for patients with metastatic gastric cancer [11] . S-1 in combination with cisplatin is a standard first-line treatment for patients with advanced gastric cancer [12] .
Since more than 50 % of CDHP is excreted in urine [13] , renal dysfunction increases exposure of CDHP, and results in a sustained high concentration of 5-FU [14] . The results of a postmarketing survey of S-1 administered at 80 mg/m 2 /day as tegafur revealed that the incidence of grade 3 or grade 4 adverse reactions increased in patients with impaired renal function. S-1 is contraindicated in patients with severe renal dysfunction, but no information on dose modification for patients with mild and moderate renal dysfunction is provided on the Asian package inserts [7, 8] .
We therefore attempted to develop an S-1 dosage formula based on renal function to determine the recommended dose for patients with impaired renal function. A prospective pharmacokinetic study was conducted to assess the plasma concentration profiles of 5-FU, CDHP, and tegafur in patients with various degrees of renal function. A mathematical model for the relationship between renal function and exposure of 5-FU was constructed by a population pharmacokinetic (PPK) analysis.
Patients and methods

Patient eligibility
The eligibility criteria of this study were as follows: histologically confirmed solid tumor in patients for whom administration of S-1 was planned; creatinine clearance (CLcr) estimated by the Cockcroft-Gault equation [15] of 15 mL/min or greater; age 20 years or older; Eastern Cooperative Oncology Group performance status 0-2; adequate organ function except renal function (white blood cell count 3000-12,000/mm 3 ; neutrophil count 1500/mm 3 or greater; platelet count 100,000/mm 3 or greater; total bilirubin concentration 2.0 mg/dL or lower; aspartate transaminase and alanine transaminase concentration 100 U/L or lower); ability to take medications orally; and no previous administration of S-1 within 14 days if used.
The study was performed as a project of the Promotion Plan for the Platform of Human Resource Development for Cancer by the Ministry of Education, Culture, Sports, Science and Technology in Japan. The study protocol was approved by each participating institution's institutional review board and was registered in the University Hospital Medical Information Network Clinical Trials Registry under the number UMIN000011708. The study procedures were in accordance with the ethical standards of the Declaration of Helsinki. Written informed consent was obtained from all patients before their enrollment in the study.
Study design
This prospective pharmacokinetic study in cancer patients with various degrees of renal function was conducted at three institutions in Japan. The primary endpoint was to assess the pharmacokinetic profiles of 5-FU, CDHP, and tegafur after a single dose of S-1 in patients with various degrees of renal function. The secondary endpoint was to evaluate the toxicity within 24 h of S-1 administration in the patients. US National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0 was used for the toxicity assessment [16] . The study duration was 24 h after administration of S-1.
Drug formulation and administration
S-1 (TS-1
Ò ) orally disintegrating tablets containing tegafur, CDHP, and potassium oxonate in a molar ratio of 1:0.4:1 were administered to the patients. Two dosages of tegafur were used: 20 and 25 mg.
The enrolled patients received a single dose of S-1 at 40 mg/m 2 as tegafur, which is the approved regular single dose and half of the daily dose in Asia [7, 8, 10] . S-1 was taken within 30 min after breakfast at a dose of 40 mg as tegafur (two tablets each containing 20 mg) for patients with a body surface area (BSA) of less than 1.25 m 2 , 50 mg as tegafur (two tablets each containing 25 mg) for those with 1.25 m 2 B BSA \ 1.50 m 2 , and 60 mg as tegafur (three tablets each containing 20 mg) for those with BSA C 1.50 m 2 .
Estimation of renal function
To assess the impact of renal function on the pharmacokinetics of CDHP and 5-FU, two commonly used serumcreatinine-based equations, the Cockcroft-Gault equation and the Japanese glomerular filtration rate (GFR) equation [17] , were used to estimate renal function.
Pharmacokinetic sample acquisition and handling
Blood samples were obtained before and 1, 2, 4, 7, 12, and 24 h after administration. Peripheral blood samples were drawn into heparinized tubes at a volume of 3 mL at each sampling time and were centrifuged at 3000 rpm for 10 min at room temperature. The resulting plasma was frozen and stored at -20°C until analysis.
Determination of the plasma concentrations of 5-FU, CDHP, and tegafur
The plasma concentrations of 5-FU, CDHP, and tegafur were determined with an ultraperformance liquid chromatography (UPLC)-tandem mass spectrometry method developed specifically for this study by modification of a previously reported method [18] . 5-FU, tegafur, and 5-bromouracil, an internal standard, were purchased from Sigma-Aldrich (St Louis, MO, USA). CDHP was obtained from Toronto Research Chemicals (North York, ON, Canada). Patient plasma (100 lL) or an equivalent volume of plasma that contained known concentrations of 5-FU, CDHP, and tegafur was mixed with 250 lL of the internal standard solution (5-bromouracil at 100 ng/mL in acetonitrile). The mixture was vortexed and centrifuged at 13,000 rpm for 5 min. The resulting supernatant was transferred to a glass tube and evaporated to dryness under air at 40°C. The dried residue was reconstituted in 75 lL of 0.1 % formic acid-acetonitrile (90:10, v/v) and transferred to an autosampler vial tube.
The UPLC-tandem mass spectrometry system was equipped with an Acquity UPLC system and a Xevo TQ mass spectrometer (Waters, Milford, MA, USA). Chromatographic separations were obtained under gradient conditions with an ACQUITY UPLC HSS T3 column (100 mm 9 2.1-mm inner diameter, 1.8-lm particle size; Waters). The mobile phase consisted of eluent A (0.1 % formic acid) and eluent B (acetonitrile). The flow rate was 0.3 mL/min, and the gradient was as follows: 8 % eluent B for 2 min, 95 % eluent B at 4.5 min, and 8 % eluent B at 6.6 min. The total run time was 9 min per sample. The column temperature was 40°C, the sample temperature was 10°C, and the injection volume was 5 lL. Under these conditions, the retention times for 5-FU, CDHP, tegafur, and 5-bromouracil (internal standard) were 1.07, 2.59, 3.54, and 1.54 min, respectively.
The mass spectrometer was run in negative electrospray ionization mode for 5-FU and in the positive mode for CDHP and tegafur. The source conditions were as follows: capillary voltage, 3 kV; cone voltage, 30 V; and desolvation temperature, 400°C. A collision gas flow rate of 0.28 mL/min and collision energy of 5 keV were used for the creation of daughter ions. The multiple reaction monitoring mode detected the following transitions: 129.1 ? 41.9 and 189.0 ? 41.9 for 5-FU and 5-bromouracil, respectively, in the negative mode and 146.1 ? 72.9, 201.2 ? 131.0, and 191.1 ? 117.8 for CDHP, tegafur, and 5-bromouracil, respectively, in the positive mode. The chromatographic data were acquired and analyzed with MassLynx equipped with QuanLynx (Waters).
The concentrations of 5-FU, CDHP, and tegafur in patient plasma samples were calculated by determining the ratios of the areas of 5-FU, CDHP, and tegafur in each sample to the area of the internal standard in that sample and by comparing these ratios to the standard curve prepared on the same day as the samples. The concentration ranges of the standard curves were 5-500 ng/mL for 5-FU and CDHP and 25-2500 ng/mL for tegafur. The interday and intraday variabilities in precision (expressed as the coefficient of variation) for all compounds ranged from 0.3 to 5.8 % and from 4.7 to 8.9 %, respectively. The average accuracies for the compounds ranged from 100.7 to 107.6 %.
PPK analysis
The PPK analysis was performed with NONMEM (version 7.2; ICON Development Solutions, Dublin, Ireland) and GNU Fortran compiler version 4.6.0 on Microsoft Windows 7. The basic pharmacokinetic parameters were clearance, volume of distribution, and the first-order absorption rate constant (K a ). As all doses were given by oral administration, clearance and the volume of distribution were interpreted as the ratio of clearance to bioavailability and the ratio of the volume of distribution to bioavailability, respectively.
As a pharmacokinetic structural model of CDHP, 5-FU, and tegafur, a linear one-compartment model with firstorder absorption (subroutines ADVAN2 and TRANS2) without the absorption lag time was used because it was reported that a one-compartment model was more suitable than a two-compartment model and the introduction of the absorption lag time did not improve the model fitting [19] .
The interindividual variability was assumed to obey a log-normal distribution and is described for each parameter as follows:
where g j is the random effect for individual j, h is the population mean parameter, and g is a random variable with mean zero and variance x 2 . Residual variability was described by a proportional error model as follows:
where Cpred i, j is the ith model-predicted concentration for patient j, C i, j is the measured concentration, and e i, j denotes the residual intraindividual random error. Demographic variables, such as renal function, patient age, sex, BSA, and history of gastrectomy, were examined to identify whether these variables could explain the observed substantial interindividual variability. Demographic variables were included one at a time by stepwise selection based on the likelihood ratio test. The minimum value of the NONMEM objective function was used as a statistic for choosing suitable models during the modelbuilding process. The potentially significant covariates were identified as those factors that when added to the basic model individually resulted in a decrease in the objective function of 3.84 or more (p \ 0.05).
To evaluate the validity and robustness of the PPK model obtained, a nonparametric bootstrap resampling method was conducted. One thousand bootstrap resampled data sets were generated, each containing the same number of patients as the original data set, and each of them was fitted individually to the final PPK model. Median values and 95 % confidence intervals for parameter estimates were compared with the parameter estimates obtained from the original data set. Furthermore, to check the suitability of the final model with respect to the observation, a visual predictive check was performed. On the basis of the final PPK model, 1000 plasma concentration profiles following the same dose were simulated without residual errors, and 95 % prediction intervals at each time point were plotted with the observed data.
Statistical analysis
Statistical analysis was performed with IBM SPSS Statistics version 22 (IBM, Armonk, NY, USA). The relationships between the variables were analyzed by linear regression. A p value of less than 0.05 was considered statistically significant.
Results
Patient characteristics
Sixteen patients with CLcr in the range 15.9-108.8 mL/ min were enrolled between December 2013 and November Development of an S-1 dosage formula based on renal function by a prospective pharmacokinetic… 879 2014 ( Table 1 ). The patients were classified into four groups according to renal function as follows: four patients in the normal renal function group (CLcr C 80 mL/min), five patients in the mild dysfunction group (CLcr = 60-79 mL/min), five patients in the moderate dysfunction group (CLcr = 30-59 mL/min), and two patients in the severe dysfunction group (CLcr \ 30 mL/min).
Pharmacokinetics of 5-FU, CDHP, and tegafur and toxic effects
The plasma concentration-time profiles of 5-FU, CDHP, and tegafur according to renal function are shown in Fig. 2 .
Remarkable increases in the plasma concentrations of 5-FU and CDHP were observed in patients in the severe renal dysfunction group. No adverse events were observed in any patients within 24 h of S-1 administration.
Factors influencing the area under the concentration-time curve from 0 to 24 h of 5-FU
The area under the concentration-time curve (AUC) from 0 to 24 h (AUC 0-24 ) of 5-FU, CDHP, and tegafur calculated with the linear trapezoidal rule in 16 patients was in the Fig. 3a) , whereas AUC 0-24 of 5-FU was not correlated with that of tegafur (r 2 = 0.023; Fig. 3b ). This indicates that exposure of 5-FU is dependent on the exposure of CDHP but not on that of tegafur.
AUC 0-24 of CDHP correlated moderately with CLcr (r 2 = 0.396, p \ 0.01; Fig. 4a) , and with GFR (r 2 = 0.445, p \ 0.01; Fig. 4b ). In addition, AUC 0-24 of 5-FU correlated moderately with CLcr (r 2 = 0.458, p \ 0.01; Fig. 4c ) and with GFR (r 2 = 0.416, p \ 0.01; Fig. 4d ). Both CLcr and GFR could be considered as appropriate measures of renal function, which influenced exposure of both CDHP and 5-FU. We selected CLcr estimated by the Cockcroft-Gault equation as the value of renal function to simulate and predict the pharmacokinetics of 5-FU by PPK analysis because previous reports [14, 20, 21] and the summary of product characteristics in Europe [9] showed and discussed the impact of renal function on S-1 pharmacokinetics with CLcr, but not GFR, as a measure.
PPK analysis of CDHP, 5-FU, and tegafur
The patients' age, sex, and history of gastrectomy did not have substantial relationships with the individual clearance, volume of distribution, and K a values of CDHP and 5-FU in the PPK analysis. The individual clearance values of CDHP and 5-FU were related to CLcr and BSA. In addition, the individual volume of distribution values of CDHP and 5-FU were proportional to the BSA. The estimated population mean and variance of the pharmacokinetic parameters of CDHP and 5-FU are shown in Table 2 .
The patients' age, sex, history of gastrectomy, renal function, and BSA did not affect the clearance, volume of distribution, and K a of tegafur in the PPK analysis. The Development of an S-1 dosage formula based on renal function by a prospective pharmacokinetic… 881 estimated population mean and variance of the pharmacokinetic parameters of tegafur are also shown in Table 2 .
Model validation
The results of the visual predictive check and bootstrap validation are presented in Table S1 and Fig. S1 . In the bootstrap resampling, more than 99 % of the generated data sets successfully converged. The median values for bootstrap simulation were very consistent with the final parameter estimates obtained with the original data set. These diagnostics and the validation indicated that the final model is robust and reliable for describing the pharmacokinetics of S-1 in patients with various degrees of renal function.
Development of an S-1 dosage formula
The PPK parameters obtained were used to develop an S-1 dosage formula. The 5-FU clearance related to CLcr and BSA was described by the following equation (Table 2) :
where CL is clearance and F is bioavailability. As AUC = F 9 dose/CL, Eq. 1 was rearranged to Dose/AUC ¼ ð21:9 þ 0:375 Â CLcrÞ Â BSA ð2Þ
Equation 2 was further rearranged to provide the recommend S-1 dose as follows:
The target AUC of 5-FU was derived from previous reports of pivotal registration studies that confirmed the efficacy and toxicity of S-1 at the approved dose. The target AUCs of a single dose were defined as 723.9 and 588.6 ng h/mL in Asia (40 mg/m 2 , twice daily) [13] and Europe (25 mg/ m 2 , twice daily) [22] , respectively. The recommended daily doses in Asia and Europe calculated with Eq. 3 are shown as nomograms in Fig. 5 for Asia and Europe with consideration of each approved dosage (20 and 25 mg as tegafur in Asia, 15 and 20 mg as tegafur in Europe).
Discussion
In our study, it was confirmed that renal dysfunction caused high exposure of CDHP and 5-FU in patients with CLcr in the range 15.9-108.8 mL/min. Ikeda et al. [14] observed increasing exposure of CDHP and 5-FU in rabbits with three degrees of renal dysfunction induced by cisplatin compared with exposure in rabbits with normal renal function. There have been some reports on the relationships between renal function and the AUC of CDHP and/or that of 5-FU in patients with cancer [14, 20, 21] ; however, these studies did not include patients with severe renal impairment (CLcr C 36.3 mL/min [14] , CLcr C 39.0 mL/min [20] , and CLcr C 54.0 mL/min [21] ). Therefore, this is the first report to clarify the effect of renal function on the exposure of CDHP and 5-FU in patients with wide variation in renal function, including severe impairment (CLcr = 29.3 and 15.9 mL/min).
In patients with CLcr in the range 15.9-108.8 mL/min, the AUCs of both CDHP and 5-FU were correlated with CLcr and GFR (Fig. 4) . Although GFR is widely used to assess renal function for diagnosing kidney disease, it is not always an appropriate measure of renal function for BSA body surface area, CDHP 5-chloro-2,4-dihydroxypyridine, CL clearance, CLcr creatinine clearance estimated by the Cockcroft-Gault equation, F bioavailability, 5-FU fluorouracil, K a first-order absorption rate constant, V volume of distribution Development of an S-1 dosage formula based on renal function by a prospective pharmacokinetic… 883 predicting drug exposure and adjusting the drug dosage in patients with renal impairment. Renal drug elimination comprises the combined processes of glomerular filtration, tubular secretion, and reabsorption. Putt et al. [23] demonstrated that measured GFR approximated renal tubular anion excretion and reabsorption, but did not correlate well with cationic drug transport. Furthermore, they suggested that dose adjustments based on GFR may underestimate clearances and potentially mislead the clinician to prescribe ineffective doses of important drugs eliminated via tubular pathways. This finding is very important for future discussion of our study, although the route of CDHP renal elimination remains unclear. An S-1 dosage formula based on renal function as indicated by CLcr was derived according to the concept of exposure matching to the approved dose of S-1 in pivotal registration studies (Eq. 3). Systemic exposure is one of the indirect pharmacokinetic measures for product quality bioequivalence [24, 25] . The US Food and Drug Administration and the European Medicines Agency also recommend dose adjustment to produce a range of plasma concentrations of drugs or active metabolites that is similar in subjects with normal renal function and those with impaired renal function [1, 2] . Our S-1 dosage formula was developed by PPK analysis in 16 patients with various degrees of CLcr in the range 15.9-108.8 mL/min. The number of patients (16) is not insufficient to derive the initial formula by reference to the development of a carboplatin dosage formula by Calvert et al. [26] . They derived the initial formula from a retrospective analysis of carboplatin pharmacokinetics in only 18 patients with GFR in the range 33-136 mL/min, and evaluated it in 31 patients prospectively. The reliability of the formula we have developed must be evaluated subsequently for practical application.
We have proposed an original formula (Eq. 3) and nomograms (Fig. 5) illustrating the recommended dose of S-1 according to patients' CLcr and BSA in consideration of the dosage (20 and 25 mg as tegafur in Asia, 15 and 20 mg as tegafur in Europe). On the Asian package insert, the dosage and administration are presented only for patients with normal renal function [7, 8] . Therefore, this is the first information on dose optimization for patients with impaired renal function in Asia. Furthermore, regarding dose modification, the European summary of product characteristics indicates that the standard dose should be administered without modification in patients with mild renal impairment (CLcr = 51-80 mL/min), whereas the drug should be administered at 40 mg/m 2 /day as tegafur for patients with moderate renal impairment (CLcr = 30-50 mL/min) [9] . These values were derived from a Monte Carlo simulation of virtual patients with renal dysfunction using a previously developed PPK model for S-1 in Western patients [27] . The limited guidance on S-1 dose adjustment in the summary of product characteristics is similar to the recommended dose provided by the formula we have developed. For patients with severe renal impairment, our formula also provides a novel dosing recommendation for S-1 in Europe.
Tegafur is a prodrug of 5-FU with good oral bioavailability. Following oral administration, tegafur is gradually converted to 5-FU, mainly by cytochrome P450 (CYP) 2A6 [28, 29] . Although CYP2A6 variants are associated with the pharmacokinetic variability of tegafur [30] , the AUC of CDHP, which is affected by renal function, is the key determinant of the pharmacokinetic variability of 5-FU [20] . Generally, prior gastrectomy causes a change in the absorption of orally administered drugs. In our 16 patients, including nine patients who had previously undergone gastrectomy, a history of gastrectomy did not affect the individual pharmacokinetics of tegafur and CDHP according to the PPK analysis. The resulting exposure of 5-FU was not influenced by gastrectomy. The effect of gastrectomy on the pharmacokinetics of 5-FU after S-1 administration is unclear [19, [31] [32] [33] . However, as approximately only 10 % of absorbed tegafur is converted to 5-FU in terms of the plasma concentrations of tegafur and 5-FU, we do not consider a history of gastrectomy to be a crucial factor affecting the pharmacokinetics of 5-FU. Therefore, the formula we have developed is expected to apply for patients regardless of CYP2A6 polymorphism, which causes ethnic differences according to race-related differences in the allele frequency, and a history of gastrectomy.
In conclusion, we have developed a simple formula for determining the S-1 dosage on the basis of individual CLcr and BSA values. The recommended daily doses of S-1 in Asia and Europe were also proposed as nomograms according to each approved dose and dosage. Further validation is needed to confirm the formula for practical application.
